As an efficient oxygen supplying technology, coherent jets are widely applied in electric arc furnace (EAF) steelmaking processes to strengthen chemical energy input, speed up smelting rhythm and promote the uniformity of molten bath temperature and compositions. Recently, the supersonic coherent jets with CO 2 and O 2 mixed injection (COMI) was proposed and through industrial experiments, it can be found that the supersonic coherent jets with COMI showed remarkable advantages in reducing the dust production during EAF steelmaking. In this study, based on the eddy dissipation concept (EDC) model with the detailed chemical kinetic mechanisms (GRI-Mech 3.0), a computational fluid dynamics (CFD) model of supersonic coherent jets with COMI was built. Compared with one-step combustion reaction, GRI-Mech 3.0 consists of 325 elementary reactions with 53 components and can predict more accurate results. The numerical simulation results were validated by the combustion experiment data. The jet behavior and the fluid flow characteristics of supersonic coherent jets with COMI at steelmaking temperature 1 700 K was studied and the results show that the chemical effect of CO 2 significantly weakens the shrouding combustion reactions of CH 4 and the relative importance of the chemical effect of CO 2 increases with CO 2 concentration increasing. The potential core length of supersonic coherent jets decreases with the volume fraction of CO 2 increasing. Moreover, it also can be found that the potential core length of supersonic coherent jets can be prolonged with higher ambient temperature.
Introduction
In modern electric arc furnace (EAF) steelmaking processes, the supersonic coherent jet technology has been widely applied because they can control bath stirring, chemical reaction kinetics, energy consumption, foaming slag formation, bath recirculation and the occurrence of splashing since they exchange momentum, heat and mass with the molten steel and the molten slag. [1] [2] [3] Comparing with conventional supersonic jets, the key of supersonic coherent jets is that the central supersonic oxygen gas jet is protected by the shrouding combustion flame, which can reduces the entrainment of the surrounding gas into the central supersonic oxygen jet. [4] [5] [6] Therefore, the central supersonic oxygen jet could keep original diameter and velocity over long distance, and the stirring effect of molten bath has been increased. However, when the supersonic oxygen jet is injected into the molten bath, the temperature of fire-spot becomes extremely high due to the severe chemical exothermic reactions between the oxygen jet and the elements in the molten bath and as a result, a large amount of dust was produced. [7] [8] [9] In recent years, Chinese researchers have developed a new oxygen supplying method with CO 2 and O 2 mixed injection (COMI) to reduce the generation of dust during steelmaking processes. 10, 11) Based on these studies, the supersonic coherent jet with COMI was proposed and tested in the industrial production and demonstrated significant advantages in dust reduction.
The fluid flow characteristics of supersonic coherent jets have been widely investigated by numerical simulations and experiments. Alam 12) analyzed the characteristics of the coherent jet at steelmaking conditions by developing a computational fluid dynamics (CFD) model of coherent jets by one-step-complete combustion reaction between CH 4 and O 2 . Liu 13) built a CFD model with the detailed chemical kinetic mechanism to investigate the effect of ambient and main oxygen temperature on the supersonic coherent jet behaviors. Mahoney 14) analyzed the characteristics of supersonic jets and coherent jets at sub-atmospheric pressure by experimental measurement. Sumi 15) measured the velocity and temperature of the supersonic oxygen jet in a heated furnace and found that the potential core of the jet was increased with a surrounding high-temperature flame. Meidani 16) and Zhao 17) analyzed effect of the shrouding gas parameters on the fluid flow characteristics of coherent supersonic jet, including the species, initial temperature and stagnation pressure of the shrouding gas. However, the fluid flow characteristics of supersonic coherent jets with COMI have not been studied. Hence, it is necessary to investigate the effect of different main gas compositions on the fluid flow field of coherent jets with COMI at steelmaking temperature for the process parameters formulation and optimization.
In this study, combining the eddy dissipation concept (EDC) model with the detailed chemical kinetic mechanisms (GRI-Mech 3.0) which consisted of 325 elementary reactions with 53 components, a CFD model of supersonic coherent jets with COMI at steelmaking temperature 1 700 K was developed. The combustion experiments were carried out to validate the numerical simulation results. The behaviors of the supersonic coherent jet with different main gas compositions at 1 700 K were investigated to understand the fluid flow characteristics of supersonic coherent jet with COMI at steelmaking temperature.
Supersonic Coherent Jets with COMI
Comparing with the conventional supersonic coherent jet, the supersonic coherent jet with COMI is a new method that CO 2 is mixed into the main O 2 and then the mixed gas is injected out by the Laval nozzle. It can be discovered that it is helpful to reduce the amounts of iron loss and dust during EAF steelmaking process. 10) The reaction mechanism between CO 2 and elements in molten steel and the thermodynamic calculation of COMI is analyzed as follows. 2 and O 2 mixed injection can reduce the fire-spot temperature and as a result, the evaporation of molten steel and dust generation can be weakened.
11)
According to the measurement in practice by Ohno, 18) the temperature of fire-spot reaction zone with COMI can be obtained according to the calculation of material and heat balance. Figure 1 shows the calculation temperature of fire-spot with different reaction proportion of CO 2 . The calculated temperature of fire-spot reaction zone decreases with the reaction proportion of CO 2 increasing. When the reaction proportion of CO 2 is more than 5%, the temperature of fire-spot will be lower than 2 649 K, which is far below the boiling temperature of iron being 3 023 K. Therefore, it further indicates that supersonic coherent jets with COMI can effectively limit the evaporation and oxidation of iron and reduce the dust generated.
Combustion Experiment

Experimental Equipment
As Fig. 2 shows, the combustion furnace was employed to investigate the supersonic coherent jet behavior at steelmaking temperatures. To achieve high temperature field being 1 700 K, the furnace was heated by the burners which were inserted from the furnace side wall and the furnace temperature was monitored by twelve thermocouples, which were divided into three groups (Group A, Group B and Group C) averagely. The average temperature monitored by the thermocouples was adopted as the ambient temperature. The supersonic coherent jet nozzle, a water-cooled lanced was installed into the furnace in a horizontal position. The measurement devices were fixed at the measuring points in advance. Meanwhile, the supersonic coherent jet nozzle was shifted out from the furnace and monitored when the examination was tested at room temperature. Figure 3 depicts the supersonic coherent jet nozzle used in the experiment. shrouding O 2 and CH 4 were injected by the shrouding holes, which were arranged in three concen- 
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The reaction proportion of CO2（ ） % Fig.1 The calculated temperature of fire-spot with CO2 and O2 mixed injection tric rings around the central Laval nozzle. The middle ring of holes were employed for CH 4 injecting, and the inner and outer rings of holes were employed for shrouding O 2 injecting. The Laval nozzle was designed for the experimental conditions and the diameter of throat and exit was 27 mm and 35 mm, respectively. The mixed gas of CO 2 and O 2 under different mixing ratio was injected through the Laval nozzle and the experimental conditions would be introduced later. In this paper, the same parameters of the supersonic coherent jet would be used in both combustion experiments and numerical simulations.
Measurement Method
In this study, the pitot tube was used to measure the static pressure and the total pressure of the supersonic coherent jet. Then, based on the compressibility of gas, the velocity of supersonic coherent jet was obtained. The measuring principle for the gas jet velocity in this experiment is expressed as follows: where, P 0y and P x are the total pressure and the static pressure at the measuring point, respectively; T g and T 1 are the gas temperature and the measured temperature; Ma is the Mach number of the gas jet; κ is the adiabatic exponent; and r is the transform coefficient of kinetic energy to enthalpy, r = 0.98 when Ma > 1.
Numerical Method
Governing Equations
The unsteady Reynolds averaged Navier-Stokes (RANS) equations were applied to carry out the present numerical simulations. And the following set of governing equations were used in this study: 21) The continuity equation is expressed as:
The momentum conservation equation is expressed as:
The energy equation is expressed as:
The ideal gas state equation is expressed as:
In Eqs. (4) through (7), ρ is the density of the fluid, kg·m ; v  is the instantaneous velocity of fluid, m/s; t is the time, s; P is the static pressure, MPa; μ is the kinetic viscosity, Pa·s; J i was the diffusion flux of species i; T is the absolute temperature, K; k eff is the effective thermal conductivity, W/(m 2 ·K); S h included the heat of chemical reaction, and any other volumetric heat sources, J; R is the ideal gas constant, 8.314 J/(mol·K); h i is the enthalpy of species i, J/mol; and E is the total energy and can be calculated by the following equation:
Where, C p is the heat capacity, J·K·mol ; v is the velocity of fluid, m/s; and the value of T ref is 298.15 K. The effect of radiative heat transfer between the walls and the combustion flame was significant on the flame performance and as a result, the radiation can't be ignored. Therefore, the discrete ordinate (DO) radiation model was applied with weighted sum of gray gas model (WSGGM) to calculate the radiation of combustion process. 22) In this paper, the modified k-ε model with the standard wall function was employed to model the turbulent flows, which was a modification of the standard k-ε model. 23) The turbulence kinetic energy k and its dissipation rate ε are, respectively, determined by the following transport equations. where, v i is the flow velocity of fluid in the direction i, m/s; G k is the turbulent kinetic energy generated by average velocity, J; G b is the turbulent kinetic energy generated by buoyancy, J; Y M is the turbulent dissipation rate generated by compressible turbulence pulsation, J; σ k and σ ε are the turbulent Prandtl numbers of k and ε, respectively; S k and S ε are custom sources, J; and C 1ε , C 2ε , and C 3ε are constants. The turbulent viscosity μ t can be calculated as follows.
Where C μ is a constant. The values of C 2ε , C 3ε , C μ , σ k and σ ε are 1.92, 0.8, 0.09, 1.0 and 1.3, respectively. what's more, the C 1ε value was adjusted from 1.44 to 1.6 in the present simulation.
24)
Combustion Models
The Eddy Dissipation/Finite Rate (ED/FR) model and the Eddy Dissipation Concept (EDC) model were usually employed in the turbulence-chemistry interactions. 25) According to previous studies, 26, 27) the EDC model can provide accurate results in the research field of Moderate or Intense Low-oxygen Dilution combustion.
The EDC combustion model handled chemistry representation and turbulence-chemistry interaction and assumed that reaction occurs in small turbulent structures, which were called the fine scales. The evolution of species concentrations was then computed by integrating the chemistry within these fine scales. In EDC model, the general form used to compute the species conservation equation for chemical species is as follows:
Where, Y i is the local mass fraction of each species i, J i is the diffusion flux of species i, and R i is the net rate of production of species by chemical reaction. The length fraction of the small turbulent structures ξ and the residence chemical time scale t of fluid in the fine structures is expressed by: Where, Y i * is the small turbulent structure species mass fraction after reacting over the time t. The evolution of Y i * depended also on the chemical kinetic mechanism. In the present study, the in-situ adaptive tabulation (ISAT) model of Pope was used to reduce the computational cost of time integration. The accuracy was checked by lowering the ISAT error tolerance and ensuring results to be unchanged.
The EDC model with the detailed chemical kinetic mechanisms (GRI-Mech 3.0) was used for modeling the combustion reactions. GRI-Mech 3.0 consists of 325 elementary reactions with 53 components. Figure 4 presents the axial velocity distributions of the supersonic coherent jet at the jet centerline with different combustion reaction mechanisms. The mass flow rate of main gas with pure O 2 , shrouding CH 4 and shrouding O 2 is 1.2723 kg/s, 0.07937 kg/s and 0.3175 kg/s, respectively. And the outlet ambient temperature and pressure is 1 700 K and 101 325 Pa, respectively. The deviation of the axial velocity profile calculated with GRI-Mech 3.0 and one-step combustion reaction was about 31.6% and that of the axial total temperature profile was about 32.8%. Moreover, the simulation results with GRI-Mech 3.0 showed better consistent with the experimental data. Figure 5 shows the total temperature distributions of supersonic coherent jets on longitudinal section with different combustion reaction mechanisms. The simulated maximum flame temperature with one-step combustion reaction was more than 4 650 K, which was much higher than that with GRI-Mech 3.0. During real combustion process, the process products were formed such as CO, CH 2 , OH and so on, and these products would absorb energy from flames which reduced the temperature flame.
28) For one-step combustion reaction, the process products had been ignored and as a result, the maximum of total temperature with the one-step complete combustion was much higher than the maximum of theoretical combustion temperature being 3 100 K. The main oxygen jet would be protected better with a shrouding flame with a bigger high total temperature region which makes the potential core length longer, as Fig.  4 shows.
Computation Methodology
The boundary conditions of the computational domain in the present CFD simulations is shown in Fig. 6 . The computational domain was constructed as a three-dimensional (3D) geometrical model to obtain more satisfactory results of the numerical simulations. The computational domain of the model included Laval nozzle, nozzles of shrouding co-flow and combustion zone. The exit diameter of the Laval nozzle De was 35 mm and was considered as one of the inlets to the A non-slip condition was applied to walls and the standard wall function was adopted. Mass-flow inlet boundary conditions were adopted at the inlet of Laval nozzle, the shrouding oxygen and fuel gas nozzles. A pressure boundary condition was used at the outlet position of the combustion zone. Table 2 listed the detail values of boundary  conditions and Table 3 showed the experimental scheme of main gas composition for COMI. In this paper, the steelmaking temperature is 1 700 K and the room temperature is 298 K.
The calculations were conducted in a steady solution mode and the pressure-velocity coupling scheme was achieved with the SIMPLE algorithm. Code based on the Eddy-Dissipation Concept method and the implicit method was used to discretize and solve the model equations. In order to improve the accuracy of the simulation results, the momentum and mass equations were solved with second order upwind schemes. In this paper, the numerical simulation in all cases was thought to be convergent when the residuals of energy and other dependent variables were, respectively, less than 10 − 6 and 10
.
Grid Independency Check
CFD grid is important for obtaining meaningful calculated results. For verifying the sensitivity and feasibility of the numerical model, three grid schemes of 31 726 (coarse grid), 46 718 (medium grid), and 54 202 (fine grid) cells were examined by monitoring and comparing the axial velocity distribution of the supersonic coherent jet with the same injection parameters initially. Figure 7 shows the axial velocity profile for three grid levels. The average percentage of variation of the axial velocity profile calculated with the coarse and medium grid level was about 2.2%. And between the medium and the fine grid levels, the variation could be negligible (less than 1%). The results demonstrated that when the grid size is fine enough (for the last two schemes), the numerical solution of the axial velocity distribution of the supersonic coherent jet is not up to grid sizes. Hence, considering the computational time and efficiency, the medium grid was applied for numerical simulation in the present study. Figure 8 shows the axial velocity distribution of supersonic coherent jets at the jet centerline with different main gas compositions at steelmaking temperature. The corresponding contrast experiments at room ambient temperature were carried out and the relative axial velocity of the supersonic coherent jet at room ambient temperature was also obtained. It can be seen that the phenomenon of repeated fluctuation of the axial velocity after the exit of Laval nozzle is presented in these cases. In the present study, the design exit pressure and ambient temperature of the Laval nozzle was 101 325 Pa and 298 K, respectively, and the Laval nozzle was designed for 100% O 2 . However, both the nozzle exit pressure and ambient temperature have changed with a shrouding flame and as Table 2 listed, different main gas containing O 2 and CO 2 were injected by the Laval nozzle. Table 2 volume fractions Shown in Table 2 total temperature 298 K Hence, shocks are formed by the incorrect expansion of the supersonic jet. After repeated fluctuations of supersonic jet, the axial velocity of jet reaches steady state and the potential core forms. In Fig. 8 , the Expt and the CFD are, respectively, the result of combustion experiments and numerical simulations, the number 298 K and 1 700 K is the room and high ambient temperature respectively, Label 75% O 2 , for instance, represents that main gas consists of 75% (volume fraction) O 2 and 25% (volume fraction) CO 2 , as Table 3 shows, and this kind of expression is the same in other figures. Meanwhile, according to relative data of six cases in Fig. 7 , within 5 De from the nozzle exit plane, the velocities of supersonic coherent jets are 481 ± 8 m/s, 472 ± 6 m/s and 462 ± 5 m/s at the jet centerline when the main gas composition is 100% O 2 , 75% O 2 and 25% CO 2 , 50% O 2 and 50% CO 2 , respectively. The velocity of the supersonic coherent jet at the nozzle exit decreases with the volume fractions of CO 2 in the main gas increasing. Considering the feasibility of the experimental process operation, the volume flow rate of the main gas was kept as 2 700 Nm 3 /h and these three kinds of main gas compositions can be obtained well with mass flow meters. Therefore, for COMI, with the volume fraction of CO 2 increasing, the density and the relative molecular mass of the main gas increases for the density and the relative molecular mass of CO 2 are larger than that of O 2 . The density and the relative molecular mass of CO 2 are, respectively, 1.977 g/NL and 44, while those of O 2 are 1.429 g/NL and 32, respectively. During the injection process of Laval nozzle, the pressure energy could be transformed into the kinetic energy of gas jet and for the same Laval nozzle, the kinetic energy of gas jet at the nozzle exit is almost identical with the same stagnation pressure of gas sources. Hence, the jet velocity at the nozzle exit of mixed gas V m can be calculated by the following equation according to kinetic energy equation and ideal gas equation. As a result, the supersonic jet at the Laval nozzle exit achieves a lower velocity with a larger volume fraction of CO 2 in the main gas. Where, V O2 is the jet velocity at the nozzle exit of pure oxygen and η is the proportion of CO 2 in mixed gas. The potential core length, the length up to which the axial jet velocity is equal to 95% of the jet velocity at the nozzle exit, is a key index of the coherent jet for its influence on process parameter selection. As Fig. 8 shows, at 1 700 K, the potential core length of supersonic coherent jet with 100% O 2 , 75% O 2 and 25% CO 2 , 50% O 2 and 50% CO 2 , is 36 De, 33 De and 30 De, respectively. It can be found that the potential core length of supersonic coherent jet decreases with the volume fraction of CO 2 increasing. Obviously, the initial exit velocity is different with different main gas main gas compositions, which could influence the potential core length. Therefore, to investigate the effect of the initial velocity on the potential core length of supersonic coherent jet, a set of contrast experiments were carried out with velocity inlet boundary conditions being adopted at the exit of Laval nozzle because it is very difficult to analysis the effect of the initial velocity on the potential core length quantitatively by mass-flow inlet boundary conditions in this study. The velocity value of main gas is 481 m/s, 472 m/s, 462 m/s for the three supplementary cases with pure oxygen. The other boundary conditions remain unchanged as Table  2 shows. Figure 9(a) shows the axial velocity distributions of supersonic coherent jets with pure O 2 with different main gas inlet velocity at the jet centerline at steelmaking temperature with velocity inlet boundary condition. Figure  9 (b) shows the axial velocity distributions of supersonic coherent jets with COMI at the jet centerline at steelmaking temperature with velocity inlet boundary condition. In Fig.  9(a) , it can be seen that the potential core length of supersonic coherent jet is almost unanimous for these three cases and the value is about 36 De. In Fig. 9(b) , the potential core length of supersonic coherent jet is 36 De, 34 De and 32 De, respecvitvely, in case 481-100%O 2 , case 481-75%O 2 and case 481-50%O 2 . And it can be seen that the potential core length of supersonic jet decreases with the volume fraction of CO 2 increasing. According to the results of Figs. 9(a) and 9(b), it can be concluded that the effect of the initial velocity on the potential core length of supersonic coherent jet is considerable small in cases that the main gas initial velocity is between 462 m/s and 481 m/s in this study. This further illustrates that it is the shrouding combustion flame that determines the potential core length of supersonic coherent jet. However, it should be pointe out that the simulation results with mass-flow inlet boundary condition show different behavior from the simulation results with velocity inlet boundary condition. In CFD simulations, this difference existence is normal because different boundary conditions were applied. Compares with the mass-flow inlet conditions, the velocity distribution of exit section with velocity inlet boundary conditions is more uniform and more idealized. Hence, the velocity with velocity inlet boundary conditions attenuate more slowly. But it also can reflect the effect of main gas composition on the jet behavior. Based on above analysis, although the jet velocity at the nozzle exit decreases slightly with the volume fraction of CO 2 increasing, the shrouding combustion reactions also play a pivotal part in prolonging the jet potential core length. Therefore, it can be concluded that the increasing volume fraction of CO 2 during the process of CO 2 and O 2 mixed injection has a negative impact on the shrouding combustion reactions, which has been illustrated in Section 5.4. As previous research reported, 29) if the ratio of the ambient density to the jet density decreases, the growth rate of the turbulent mixing layer reduces, as depicted in Fig. 10 . The combustion flame creates a low-density region surrounding the main oxygen jet and thus reduces the growth rate of the turbulent mixing region. Meanwhile, according to the previous study carried out by Alam, 12) the potential core length of the supersonic oxygen jet with the shrouding flame is more than four times larger than that without the shrouding flame.
Results and Discussions
Velocity Distribution
As Fig. 8 shows, the results of numerical simulations are in good agreement with the combustion experiment results and the average percentage of variation between numerical simulations and combustion experiments is about 1.6% under room ambient temperature while that is about 3.2% under steelmaking temperature. In this study, the high ambient temperature was 1 700 K but it was very difficult to maintain the homogeneous environment of 1 700 K in the combustion furnace. As a result, the average percentage of variation between numerical simulations and combustion experiments at steelmaking temperature was larger.
There is difference between the numerical simulation results and the combustion experiment results and the difference may have resulted from the uncertainties during the numerical simulation process. The possible sources of uncertainties are as follows:
(a) The turbulence model used in the simulation. The previous researches 12) used the modified k-ε model to simulating the supersonic gas jet behavior and combustion process at different condition. Jones and Whitelaw 30) reported some discrepancies in the measured and predicted velocity and temperature contours in their calculation of turbulent combusting flow using the standard k-ε model.
(b) Discretization of partial differential equations. An effort was used to overcome this error by improve computational grids. However, during generating grids, it will always be affected by human factors and operation, since human decided how to divide up geometry model for appropriate grid.
(c) The heat transfer between wall and the cooling water at the region of the coherent jet nozzle. The heating state of wall was affected by cooling water and the supersonic coherent jet. However, in numerical simulations, the wall was defined as constant temperature wall and the heat transfer between wall and the cooling water was ignored. Figure 11 shows the dimensionless half-jet width of supersonic coherent jets with COMI at steelmaking temperature. Half-jet width refers to the radial distance from the jet centerline where the jet velocity becomes half of the axial velocity.
13) The figure shows the increasing rate of jet width shows repeated fluctuations from the Laval nozzle exit to X/De = 9 and then the jet width increases from X/De = 9 up to about X/De = 32, and after that, the increasing rate of jet width becomes higher. The variation trend of the shrouding flame along the distance from the Laval nozzle exit accounts for the phenomena. The average slopes of the linear regression are 0.068 at steelmaking temperature. With the volume fraction of CO 2 increasing, the jet width increases. The main reason is that the density of the main gas jet increases and the intensity of shrouding combustion reactions decreases with the volume fraction of CO 2 increasing, which in turn accelerates the gas mixtures at the jet periphery and results in the increase of jet width after potential core region. This has also been described in Section 5.4. Figure 12 shows the axial total temperature distribution of supersonic coherent jets at the centerline with different main gas compositions at steelmaking and room ambi- ent temperature. The total temperature reflects the total energy which consists of the thermal energy and the kinetic energy. The total temperature of the supersonic coherent jets remains steady after exiting from the Laval nozzle and then increases rapidly from the flame end position to a maximum value. And finally, the total temperature gradually approaches the ambient temperature due to the kinetic energy and thermal energy gradient between the main gas jet and the surroundings. The numerical simulation results at room ambient temperature showed a good agreement with the results of combustion experiments and the experiment data at steelmaking temperature was not measured in the present study.
Temperature Distribution
As Fig. 12 depicts, the maximum total temperature of the supersonic coherent jets decreases with the volume fraction of CO 2 increases after the potential core region. The effect of CO 2 on the shrouding combustion flame of the supersonic coherent jets with COMI accounts for this phenomena because the central jet mixes with the surrounding hot atmosphere formed by the combustion flame at the end of the potential core. With the volume fraction of CO 2 increasing, the shrouding combustion reactions was weakened. And finally, the main gas jet also heated by the shrouding combustion flame and slowly approaches the ambient temperature because the ambient temperature is higher than that of the main gas jet. Figure 13 shows the total temperature distribution of supersonic coherent jets on longitudinal section with different main gas compositions at steelmaking temperature. The red part in the figures represents the high temperature zone which was created by the shrouding combustion reactions of CH 4 and it can be seen that the shapes of high temperature zone are different among these cases. The high temperature can lower the density of ambient gas and delays the mixing of the main gas jet with the surrounding ambient gas. As depicted in Fig. 13 , with the volume fraction of CO 2 in main gas increasing, the high temperature zone reduces. It could account for the phenomenon that the total temperature of the supersonic coherent jets with larger CO 2 concentration increases less rapidly and achieves a smaller value than that with lower CO 2 concentration, just as shown in Fig. 12 .
Turbulent Kinetic Energy Distribution
The turbulence kinetic energy demonstrates the mean kinetic energy per unit mass associated with eddies in turbulent flow. The turbulence kinetic energy is also a measurement of the mixing among fluids. The higher the turbulence kinetic energy, the greater the mixing. In this paper, the turbulence kinetic energy is applied to reflect the mixing characteristics between the main gas jet and the surrounding ambient gas. Figure 14 shows the turbulent kinetic energy distribution of the supersonic coherent jets on longitudinal section with different main gas compositions at steelmaking temperature. The shrouding combustion flame creates a high temperature zone and reduces the density of the gases surrounding the main gas jet. Therefore, the turbulent kinetic energy in the shear layer is reduced, which can increase the potential core length by delaying the mixing of the main gas jet with the surroundings. As shown in Fig. 14 , the region where the value of turbulence kinetic energy being more than 2 000 starts around 7 De with 50% O 2 and 50% CO 2 , while the same position is 10 De and 15 De in case that the main gas jet containing 100% O 2 and in case that the main gas jet containing 75% O 2 and 25% CO 2 , respectively. Meanwhile, it can be found that the turbulent mixing layer merges with the jet centerline earlier with larger CO 2 concentration. Therefore, larger CO 2 concentration in the main gas jet weakens the shrouding combustion reactions and as a result, the mixing of the main gas jet with the surroundings is brought forward.
Species Mass Fractions
For supersonic coherent jets with COMI, the effect of CO 2 addition in the main gas jet on the shrouding combustion reactions is the crux of the matter and according to previous studies 31, 32) on the combustion mechanism of CH 4 in O 2 /CO 2 atmosphere, the chemical effect of CO 2 significantly reduces the burning velocity of CH 4 and the relative importance of the chemical effect of CO 2 increases with increasing CO 2 concentration. Compared with the combustion reactions of CH 4 in pure O 2 atmosphere, the dominant reaction pathway for the chemical participation of CO 2 is CO + OH ↔ CO 2 + H, which is an elementary reaction (R99) of GRI-Mech 3.0. Figure 15 shows the radial profile of the CH 4 mass fraction at different axial locations for the supersonic coherent jets with different main gas compositions at steelmaking temperature. It can be found that in Radial distance / De < 1, the radial distributions of CH 4 are almost the same for the three cases. In Radial distance / De > 1, the radial distributions of CH 4 are slightly different. Although the jet velocities at the nozzle exit of these cases are different as Section 5.1 shows, there are minute differences between suction effects of main gas jet on the shrouding CH 4 . Figure 16 shows the radial profile of the CO 2 mass fraction at different locations for the supersonic coherent jets with different main gas compositions at steelmaking temperature. In cases that the main gas containing 50% O 2 and 50% CO 2 and the main gas containing 75%t O 2 and 25% CO 2 , there are two peaks of the radial distribution of CO 2 mass fraction. The first peak appears at the jet centerline and the second peak occurs in the region of shrouding combustion reactions. With the distance from the Laval nozzle exit increases, the initial CO 2 mass fraction at the jet centerline decreases and the value of the second peak increases due to the diffusion of CO 2 to the surroundings. With the main gas of 100% O 2 injecting, the figure shows CO 2 mass fraction increases at first and then gradually reduces. Based on the data in Fig. 16 , at X/De = 8 and X/De = 12, when 1 < Radial distance / De < 2, the CO 2 mass fraction increases with CO 2 concentration in the main gas jet increases and in the region that Radial distance / De > 2, the CO 2 mass fraction decreases with CO 2 concentration in the main gas jet increases. That further means that the shrouding combustion reactions of CH 4 is restrained by CO 2 addition. What's more, from X/De = 16 to X/De = 24, it can be found that CO 2 in the main gas jet spreads outwards with the distance from the nozzle exit plane increasing. Figure 17 shows the radial profile of the H 2 O mass fraction at different locations for the coherent with different main gas compositions at steelmaking temperature. This figure shows H 2 O mass fraction increases at first and then gradually reduces. At X/De = 4, the radial distributions of the H 2 O mass fractions are similar for the three cases. And from X/De = 8 to X/De = 24, it can be found that the H 2 O mass fraction decreases with the CO 2 concentration in the main gas jet increases and compared with the distributions of CO 2 mass fraction at X/De = 20 and X/De = 24 in Fig.  16 , the H 2 O mass fraction still decreases with the CO 2 concentration in the main gas jet increases, although the CO 2 mass fraction is larger with larger CO 2 concentration in the main gas jet, which further indicates that CO 2 addition in the main gas jet restrains the shrouding combustion reactions of CH 4 as discussed earlier. Figure 18 shows the distributions of CO 2 and H 2 O mass fractions of the supersonic coherent jets with different main gas compositions at steelmaking temperature on longitudinal section. In the figures, the red region is the high mass fraction zone. It can be found that with the CO 2 concentration of main gas increasing, the mass fraction of CO 2 in the shrouding combustion flame area increases. One of the main reason is the diffusion of CO 2 from the main gas jet to the surroundings. Meanwhile, it also can be seen that the CO 2 concentration of main gas jet has a significant influence on the distribution of H 2 O mass fraction, which reflects the extent of the shrouding combustion reactions. With the CO 2 concentration of main gas increasing, the mass fraction of H 2 O decreases. This also further proves that the shrouding combustion reactions of CH 4 is weakened by CO 2 addition when the supersonic coherent jets is performed with CO 2 and O 2 mixed injection.
33)
Conclusions
According to the above analysis on the results of numerical simulations and combustion experiments of supersonic coherent jets with COMI at steelmaking temperature, the following conclusions can be obtained.
(1) Based on the EDC model with the detailed chemical kinetic mechanisms (GRI-Mech 3.0) which consisted of 325 elementary reactions with 53 components, the numerical simulation achieves better results than the CFD model with the one-step combustion reaction. The numerical simulation results show a good agreement with the experimental data.
(2) For supersonic coherent jets with COMI, with the volume fraction of CO 2 increasing, the density and the relative molecular mass of the main gas increases and the supersonic jet at the Laval nozzle exit achieves a lower velocity. The larger CO 2 concentration weakens the shrouding combustion reactions and reduces the high temperature zone which promotes the turbulence kinetic energy and mass transfer between the main gas jet and the ambient atmosphere and as a result, the potential core length of supersonic coherent jets decreases with the volume fraction of CO 2 increasing.
(3) The chemical effect of CO 2 significantly reduces the burning velocity of CH 4 and the relative importance of the chemical effect of CO 2 increases with increasing CO 2 concentration. With the CO 2 concentration of main gas increasing, the mass fraction of CO 2 in the shrouding combustion flame area increases due to the diffusion of CO 2 from the main gas jet to the surroundings and the mass fraction of H 2 O decreases. That means that the shrouding combustion reactions of CH 4 is weakened by CO 2 addition when the supersonic coherent jets is performed with CO 2 and O 2 mixed injection.
